Guequén A, Carrasco R, Zamorano P, Rebolledo L, Burboa P, Sarmiento J, Boric MP, Korayem A, Durán WN, Sánchez FA. S-nitrosylation regulates VE-cadherin phosphorylation and internalization in microvascular permeability. Am J Physiol Heart Circ Physiol 310: H1039 -H1044, 2016. First published February 26, 2016 doi:10.1152/ajpheart.00063.2016.-The adherens junction complex, composed mainly of vascular endothelial (VE)-cadherin, ␤-catenin, p120, and ␥-catenin, is the main element of the endothelial barrier in postcapillary venules. S-nitrosylation of ␤-catenin and p120 is an important step in proinflammatory agents-induced hyperpermeability. We investigated in vitro and in vivo whether or not VE-cadherin is S-nitrosylated using platelet-activating factor (PAF) as agonist. We report that PAF-stimulates S-nitrosylation of VE-cadherin, which disrupts its association with ␤-catenin. In addition, based on inhibition of nitric oxide production, our results strongly suggest that S-nitrosylation is required for VE-cadherin phosphorylation on tyrosine and for its internalization. Our results unveil an important mechanism to regulate phosphorylation of junctional proteins in association with S-nitrosylation. inflammation; endothelial permeability; VE-cadherin; S-nitrosylation; adherens junction at the endothelial cell junction. Importantly, we advance the concept that S-nitrosylation activity is necessary for VE-cadherin phosphorylation, which regulates its internalization. Our work supports the key function of S-nitrosylation in the complex dynamics of junctional proteins in the regulation of microvascular permeability.
NORMAL MICROVASCULAR PERMEABILITY depends on the maintenance of endothelial barrier by adherens junctions. In postcapillary venules, vascular endothelial (VE)-cadherin plays a significant role in barrier function (8) . VE-cadherin is a single-pass transmembrane protein, with the amino terminal in the extracellular domain and the carboxy terminal in the intracellular domain. The amino terminal is the site of homotypic adhesion, whereas the carboxy terminal associates with several cytoplasmic proteins, including ␤-catenin, p120-catenin (p120), and ␥-catenin. VE-cadherin is a fundamental component of adherens junctions to the extent that VE-cadherin knockout mice die during gestation because of inability to develop vascular structures (34) . In addition, endothelial cells that are null for VE-cadherin have a very elevated basal permeability (6) . Microvascular permeability to macromolecules, which occurs mainly at postcapillary venules, is subject to regulation during inflammation and is increased by proinflammatory agents. We have used 1-O-alkyl-2-acetyl-sn-glycero-3-phospho-choline (PAF) to assess the mechanisms that regulate the onset of increased microvascular permeability. PAF increases endothelial permeability via endothelial nitric oxide (NO) synthase (eNOS) phosphorylation, eNOS translocation to cytosol, and NO production in vitro and in vivo (10, 11, 23, 28 -31) . We recently advanced the novel concept that PAF triggers hyperpermeability through S-nitrosylation of ␤-catenin and p120, and this modification correlates with disruption of the adherens junction complex and subcellular redistribution of these proteins from the plasma membrane to cytosol (23) . S-nitrosylation is a post-translational modification that regulates several cellular functions (15, 17) ; however, only ␤-catenin and p120 have been described as targets of Snitrosylation in regard to microvascular permeability (23, 33) .
In this report, we tested the hypotheses that 1) S-nitrosylation regulates VE-cadherin function in hyperpermeability as well as its associated internalization and that 2) S-nitrosylation is necessary for phosphorylation of VE-cadherin. Our results positively support both hypotheses.
MATERIALS AND METHODS
Reagents and antibodies. PAF and N-acetyl-L-cysteine (NAC) were obtained from Calbiochem (San Diego, CA). N G -methyl-L-arginine (L-NMA) was from Sigma Chemicals (St. Louis, MO). NAC (2.5 mmol/l) was applied for 2.5 h before the addition of agonist. L-NMA (300 mol/l) was applied for 1 h before PAF addition. Administration of both chemicals was continued throughout the experiment. Goat anti VE-cadherin and mouse anti-phosphotyrosine were from Santa Cruz Biotechnology (Dallas, TX). Rabbit anti-␤-catenin and mouse anti-␤-actin were from Sigma-Aldrich (St. Louis, MO). Mouse anti-p120 was from BD Biosciences (San Jose, CA).
Cell culture. Immortalized human venous endothelial cells, EAhy926 (derived from human umbilical vein; kindly donated by Dr C. J. S. Edgell, University of North Carolina, Chapel Hill, NC) (12), were grown in basal media containing Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 2.5 g/ml fungizone and sodium hypoxanthine, aminopterin, and thymidine (HAT). Bovine coronary postcapillary venular endothelial cells, (CVECs; kindly donated by Dr. C. J. Meininger, Texas A&M Uni- PAF was applied topically at time Ϫ5 min. The statistical analysis bar graph shows the integral of the area under the curve (above baseline) for interstitial FITC-Dx fluorescence for control and NAC during the observation period. N/n, number of animals and number of microvascular areas analyzed, respectively; AU, arbitrary units. F: PAF topically applied in vivo for 3 min at 100 nmol/l induces S-nitrosylation of VE-cadherin in mouse cremaster muscle. For all the Western blots, the S-nitrosylated proteins and input were run in separate gels. Images were subsequently cropped to construct the final figure; n ϭ 3. *P Յ 0.05 compared with control. Data are expressed as means Ϯ SE. Apparent differences were assessed for statistical significance using paired Student's t-test.
versity, Temple, TX) (32) were grown in the same medium with no HAT and additionally supplemented with 20 U/ml heparin.
Western blot analysis, immunoprecipitation, and cell surface biotinylation. These methods are standard in our laboratory and were applied according to published protocols (29 -31) .
Biotin-switch assay. Total protein (100 g) obtained from cellular lysates from control and agonist-treated cells were denatured with sodium dodecyl sulfate (SDS) in the presence of methyl methanethiosulfonate (18) . After acetone precipitation to remove excess methyl methanethiosulfonate, 1 mmol/l ascorbate and N- [6-(biotinamido) hexyl]-3=-(2=-pyridyldithio)propionamide (biotin-HPDP) were added to reduce the S-nitrosylated bond and label the reduced thiol with biotin, respectively. Biotinylated proteins were captured with streptavidin-agarose beads and then separated by SDS-PAGE and detected with specific antibodies by Western blot analysis.
Immunofluorescence microscopy. We followed our established protocols (23, 28, 30) . Cells were cultured on glass coverslips coated with fibronectin, treated with agonist, and then fixed in 4% paraformaldehyde for 20 min at room temperature and permeabilized with PBSTriton X-100 (0.5%) for 10 min. The secondary Alexa Fluor-conjugated antibodies were added after incubation with corresponding primary antibodies for 1 h at room temperature. Nuclei were stained with 4,6-diamidino-2-phenylindole for 5 min at room temperature. Images were obtained using an epifluorescence microscope (Axioscop; Carl Zeiss) equipped with a 100ϫ oil immersion objective lens and Axio Vision Rel. software (Zeiss, Germany). Eight-bit images were prepared for publication in Adobe Photoshop.
In vivo studies. Protocols for experiments on animals were approved by the Institutional Bioethics and Biosecurity Committee of the Pontificia Universidad Católica de Chile and conducted according to National Institutes of Health guidelines for the use of animals in research. We measured microvascular permeability to macromolecules by intravital microscopy according to our published methods (4, 5, 14, 20, 21) in the cheek pouch of male Golden Syrian hamsters (110 -130 g) and S-nitrosylation of VE-cadherin in the Fig. 2 . VE-cadherin internalization depends on endothelial nitric oxide synthase (eNOS) activity and S-nitrosylation. A: PAF (100 nmol/l for 3 min) induces internalization of VE-cadherin in EAhy926 monolayers (top; VE-cadherin ϭ green fluorescent label). Inhibition of eNOS with L-NMA pretreatment blocks PAF-induced VE-cadherin internalization and retains the fluorescent label at the cell membrane (bottom). B: VE-cadherin location examined by cell surface biotinylation in EAhy926 monolayers. PAF, applied for 3 min, reduces VE-cadherin at the cell surface. L-NMA inhibits PAF-induced redistribution of VE-cadherin. C: Association between VE-cadherin and ␤-catenin by coimmunoprecipitation. Cells extracts from EAhy926 cells were immunoprecipitated with VE-cadherin antibody and probed for ␤-catenin. PAF disrupts the interaction between VE-cadherin and ␤-catenin. Inhibition of eNOS with L-NMA pretreatment blocks PAF-induced dissociation of the interaction between VE-cadherin and ␤-catenin. For all the Western blots (wb), the modified proteins and input were run in separate gels. Images were cropped subsequently to construct the final figure. n ϭ 3. *P Յ 0.05 compared with control. Data are expressed as means Ϯ SE. Apparent differences were assessed for statistical significance using paired Student's t-test.
cremaster muscle of male mice (12-15 wk old, weighing 30 -35 g) (23) .
Statistical analysis. Experiments were conducted in groups with minimum n ϭ 3. Data are expressed as means Ϯ SE. Apparent differences were assessed for statistical significance using paired Student's t-test. Significance was accepted at P Յ 0.05.
RESULTS
PAF increases permeability through S-nitrosylation of the adherens junction complex in vivo and in vitro. We tested the S-nitrosylation of VE-cadherin as well as p120 and ␤-catenin using EAhy926 endothelial cells, as we have shown that these cells faithfully recapitulate mechanisms involved in regulation of permeability (23) . PAF induced S-nitrosylation of p120, ␤-catenin, and VE-cadherin (Fig. 1A ) with significant changes observed at 1 min for p120 and ␤-catenin and at 3 min for VE-cadherin. We tested the dependence of S-nitrosylation on NO by administration of L-NMA to EAhy926 endothelial cells and that of NAC (which is a precursor for glutathione) in CVECs. Inhibition of NO synthase with L-NMA blocked PAFinduced S-nitrosylation of VE-cadherin (Fig. 1B) , whereas NAC indirectly prevented PAF-induced S-nitrosylation of VEcadherin (Fig. 1C) . To determine in vivo the significance of S-nitrosylation of junctional proteins, we topically applied 100 nmol/l PAF to the hamster cheek pouch and assessed permeability to FITC-dextran 70 in control conditions and after NAC application. PAF significantly increased permeability, reaching peak magnitude at about 30 min and lasting for ϳ60 min (Fig.  1, D and E) . Topical application of NAC (2.5 mmol/l) did not influence basal permeability but significantly reduced the effect of PAF to a significantly smaller increase in permeability. Figure 1E shows the time course and the statistical analysis of changes in microvascular permeability in the hamster cheek pouch. To verify that S-nitrosylation of junctional proteins occurs in vivo across species and organs, we used the mouse cremaster model (23) . PAF, applied for 3 min, induced Snitrosylation of VE-cadherin in the mouse cremaster (Fig. 1F) .
VE-cadherin internalization is dependent on S-nitrosylation. PAF-induced S-nitrosylation of p120 and ␤-catenin is associated with internalization of these proteins and disruption of the adherens junction complex (23) . We tested whether PAFinduced S-nitrosylation modifies/regulates VE-cadherin localization at the adherens junction. Figure 2A shows that VEcadherin is mainly distributed at the plasma membrane under control conditions. After PAF, the distribution of VE-cadherin at the plasma membrane decreases, as determined by fluorescence microscopy. Application of L-NMA, which blocks PAFstimulated NO release, prevented PAF-induced subcellular redistribution of VE-cadherin ( Fig. 2A) . To provide an independent assessment, we examined the location of VE-cadherin by cell surface biotinylation. Figure 2B shows that PAF decreases the amount of VE-cadherin at the cell surface, indicating PAF-induced internalization of VE-cadherin. Inhibition of eNOS-derived NO production blocked PAF-induced internalization (Fig. 2B) . Subsequently, we analyzed whether PAFinduced S-nitrosylation influenced the association between VE-cadherin and ␤-catenin. Figure 2C demonstrates that PAF reduces the association between VE-cadherin and ␤-catenin. Application of L-NMA to inhibit eNOS blocked the disruption of the adherens junction complex and preserved the association between VE-cadherin and ␤-catenin at the cell membrane. These data indicate that S-nitrosylation is an important mechanism for the internalization and interactions of VE-cadherin at the adherens junction complex.
PAF induced VE-cadherin phosphorylation at tyrosine depends on S-nitrosylation. Phosphorylation is a universal classical regulatory mechanism and plays a role in VE-cadherin internalization (9, 13, 25) . To determine if a mechanistic relationship exists between phosphorylation and S-nitrosylation, we examined VE-cadherin phosphorylation in response to Fig. 3 . PAF induces VE-cadherin phosphorylation dependent on S-nitrosylation activity. EAhy926 monolayers were treated with 100 nmol/l PAF for 3 min in the absence and presence of L-NMA (A) and NAC (B). VE-cadherin was immunoprecipitated (IPP) from the cell lysates and probed by Western blot analysis with anti-phospho-tyrosine (PY) antibodies. Inhibition of eNOS with L-NMA and NAC pretreatment block PAF-induced tyrosine phosphorylation of VE-cadherin. For all the Western blots, the phosphorylated proteins and input were run in separate gels. Images were cropped subsequently to construct the final figure. n ϭ 3. *P Յ 0.05 compared with control. Data are expressed as means Ϯ SE. Apparent differences were assessed for statistical significance using paired Student's t-test.
PAF in the presence of L-NMA and NAC in EAhy926 cells. Figure 3A shows that PAF induces tyrosine phosphorylation of VE-cadherin at tyrosine residues and that eNOS blockade with L-NMA prevents this tyrosine phosphorylation. Similarly, indirect blockade of the S-nitrosylation with NAC inhibits PAFinduced phosphorylation of VE-cadherin at tyrosine residues (Fig. 3B) .
To ensure that L-NMA did not cause changes in total VE-cadherin, we evaluated the amount of VE-cadherin in the input, as determined by Western blot analysis and arbitrary units of band density, in control and after L-NMA in all the experiments. The statistical analysis showed mean Ϯ SE values of 51.4 Ϯ 2.0 for control and 48.7 Ϯ 2.0 for L-NMA (P ϭ 0.35; n ϭ 14). Thus L-NMA did not induce significant changes in VE-cadherin input.
DISCUSSION
Regulation of microvascular permeability is highly important for overall body homeostasis in health and disease. Our data provide important advances in our understanding of permeability regulatory mechanisms: 1) we demonstrate that VEcadherin is another component of the endothelial adherens junction, besides p120 and ␤-catenin, that is modified by S-nitrosylation at the onset of hyperpermeability, and 2) blocking S-nitrosylation preserves the interaction of VE-cadherin with ␤-catenin and more importantly inhibits phosphorylation and internalization of VE-cadherin.
The onset of hyperpermeability depends on agonist-promoted translocation of eNOS to cytosol and S-nitrosylation of p120 and ␤-catenin (10, 11, 23, (27) (28) (29) (30) (31) . These processes and onset of hyperpermeability are associated with disruption of the adherens junction complex and internalization of p120 and ␤-catenin (23). VE-cadherin, which is the most recognized junctional protein, also undergoes conformational changes and internalization (2, 3, 9, 13, 19, 22) . However, it was unknown whether S-nitrosylation was involved in the dynamics of VEcadherin. Our results demonstrate that VE-cadherin becomes S-nitrosylated after 3 min of exposing endothelial cells to 100 nmol/l PAF.
S-nitrosylation occurs in cysteines' free thiols. We do not know which cysteine residue (or residues) is relevant for VE-cadherin S-nitrosylation. Interestingly, VE-cadherin has one cysteine in the transmembrane domain very close to the intracellular domain and four additional cysteines in the extracellular domain (7) . In a previous report, using an in vitro approach, we determined that p120 is S-nitrosylated preferentially at cysteine 579, which is located in the region where p120 binds to VE-cadherin (23) . Cysteine 619 was identified as the cysteine S-nitrosylated by VEGF in ␤-catenin (33) . As is the case for p120, Cys-619 is located in the putative binding region of ␤-catenin to VE-cadherin. Thus, it is possible that S-nitrosylation is the posttranslational modification that promotes disruption of the adherens junction complex and internalization of its constitutive proteins. This possibility is currently supported by the observations that blocking S-nitrosylation inhibits VE-cadherin internalization and disruption of the adherens junction complex.
It is yet unknown how junctional proteins become S-nitrosylated in the process triggering hyperpermeability. Translocation of eNOS to cytosol is required for NO production to increase permeability (29 -31) . Indeed, activation of eNOS anchored at the cell membrane leads to production of NO that neither causes S-nitrosylation of p120 and ␤-catenin nor hyperpermeability (23) . One possibility to account for S-nitrosylation of VE-cadherin at the membrane is that eNOS-derived NO reaches p120 and ␤-catenin, which are on the cytosolic aspect of the cell membrane S-nitrosylating these proteins. It is plausible that S-nitrosylation of p120 and ␤-catenin causes conformational changes in VE-cadherin that allow access of NO to the VE-cadherin cysteine located in the transmembrane domain.
Phosphorylation is one of the most studied signaling mechanisms. PAF in fact induces tyrosine phosphorylation of VEcadherin as a signal for internalization (16) . We advance here the novel observation that S-nitrosylation activity is required for phosphorylation of VE-cadherin. The phosphorylation in tyrosine of VE-cadherin is dependent on src activity (1). Since VE-cadherin phosphorylation depends on src activity, it is possible that S-nitrosylation contributes to increase src kinase activity, as is the case for src in epithelial cells (26) . However, other sites and signals may play a role as well in VE-cadherin internalization (9) . Our observation that S-nitrosylation of VE-cadherin acts in tandem with its phosphorylation agrees with the report that tyrosine phosphorylation of VE-cadherin is needed but not enough to induce increase in permeability (1) . Other mechanisms involved in VE-cadherin internalization include activation by Rac-p21-activated kinase (13) and inhibition by p120 binding to classical cadherins (24) .
In summary, we provide evidence in support of the novel concept that S-nitrosylation of the adherens junction complex is required for onset of hyperpermeability and for activating phosphorylation signals leading to junctional protein internalization.
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